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Abstract

We Proseut pesults of numerical simulations Ui i show Fartl s tidal forees can both distort and disrupt
Farth-crossing asteroids (1CAs) that have weak “rubble-pile”™ sifacuine (%, Building onpreviouss ulies. we
consider more realistic asteroid shapes and trajectories, testa variety of spiurates and axis orient ations.
and cmploy a dissipatiopalgorithim 1o more accurate Jy tre g collisions hetween particles. We explore a large
parameter space, including the asteroid’s periapse ¢, enco unter veloeity with the Farth <00 spinperiod ¢
(including a no-spin case). spin axis oricutation, and hody orienmtation at periapse.

We identify fo ur outeonme classes parineterized by the amount of mass stripped fronn the asteroid during
a Iy, Our most severe disruptions result in fragient trains similar in chigacter 1o the “string of pearls”
created whe necomet Shoer naker-1evy-g was disrupted nCar Jupiter in 1992, Less catastrophic disruptions
cause AL eig] (o be stripped ofl in more isotropic fashion, leaving a central remmant with a characteristic
distorted shape. Some ejecta ¢ enter into stable orbits aronnd the remmant |, creating a binary or multiple
systenn. Even when no mass fost, we stll find that tidiad forees can modify the asteroid’s shape and spin.

0111 results silow that mass loss is enlvanCed for stallvalues (1 ¢, en . and P2 and deponds 1o a cortain
extent on the body & 8Py oricn tation (for example. retrogract rotation reduces 1ass loss). An clo ngated
asteroid was found to n(, far easier to disruptthoyaspherjcalone though the orientation of the ellipsoid at
periapse can noticeably change the out cotne. 1 he size and orbital distribution of the electaare discussed,
along withmany of the applications of this technique toward an understanding of unusualp henormenain the
terrestjal region ((y,., origin of cortain crater ehains on the Moon. doubleteraters onthe terrestrial p lancts,
irregitl ap shap od 1CAs, ofel).

Keywords: Tides, Solid Body; Asteroids, General: Planetesimals; Cratering, Terrestrial; Computer Tech-
niques fother possibilities: Asteroids, Composition; Asteroids, Dynanies: Asterolds, Rotation: € ‘elestial
Mechanies; Collisional Physies: hupact Processes, Asteroids: Orbits, Asteroids: Planctary Dynarices;
Radar, Asteroids; MORE?77]
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1 INTRODUCTION

1.1 Evidence for “Rubble-pile” Asteroids

There is an imcereasing body of evidence 1o suggest that Earth-crossing asteroids (BECAs) are “rubble-piles™,
scll-gravitating collections of smaller fragments that may be susceptible to tidal distortion and disruption.

Chapman (1978) was one of the first o seriously propose that high velocity collisions hetween asteroids
i the main-belt could fracture and erode these monohithic bodies into “piles of houlders™ (see also Davis and
Chapinan 1977). This scenario was given new credibility when 243 Mathilde, a ~ 53 ki C-type maim-helt
asteroid, was imaged by the Near-Barth Asteroid Rendezvous (NEAR) spaceeraft in June 1997, Several
surprisingly large eraters hetween 20 and 30 ki diatcter were seen on Mathilde’s illuminated sinface
(Yeomans 1997). Numerical hydrocode jnodels of asteroid collisions suggest eraters this large could only
have formed in the “gravity-scaling”™ regime, where the growth and nltimate size of a crater is controlled by
the target’s gravity rather than its physical strength (Greenberg of ol 1991, 1996 Asphaug of al. 1996a;
Love and Ahrens 1996). Craters forined in the gravity regitne require a weak or fragimented target much
like a rubble-pile. 1 any of these craters had formed in the “strength™ regitne, they would have instead
disrupted the target. Supporting this view is Mathilde’s estimated density, ~ 1.3 g em™?, or roughly half
that of carbonaceous chondrites (Wasson 1974). 1f C-class asteroids are indeed the parent bodies of this
meteorite class (Wasson 1974), then the interior of Mathilde must cither contain large void spaces or consist
of small packed fragments with substantial interparticle porosity. Fither structure s inconsistent with the
conventional picture of an asterotd being solid rack left intact after billions of years of nupacts,

Nutnerical hydrocode models reveal how rubble-pites niay he formed. When a moderate-sized hody strikes
a solid target, the crater excavation is preceded by an advancing shock front which shatters the waterial
as it passes through. Thus, even a single impact can change an initially undamaged asterord inmo a highly
fractured one consisting of farge hlocks of material. Subsequent collisions will continue to do damage. thongh
the discontinuous imner structure of the target will make it difficult for the shock front 1o propagate hevond
the boundaries of individual boulders near the npact site (Asphang of ol 1996h). Rubble-piles, therelore.
are cven harder to disrupt or pulverize than solid objects,

Images of large craters on 243 Ida, 951 Gaspra, aud Phobox lewd eredence to this theory: Ida, with
dimensions of 60 x 26 x I8 km, has one ~ 23 kin erater and five ~ 10 ki craters (Belton of al. 1991 "Photas
ol 1996): Gaspra, with dimensions of 18 > 11 x 9 ki, could have as many as eight eraters larger than < ki
i diameter (Beltou of all 1992; Greenberg e al. 1991); Phobos (dimensions 27 > 22 > 19 ki) is dominated
by the large crater Stickney (11 ki) (Asphaug and Melosh 1993). Numerical hydrocode simulations of
these crater forming events indicate the target, in cacl caseois left with a highly damaged and fragmented
stracture (Asphaug and Melosh 1993: Greenherg 0 al. 19941; 1996).

Since most Earth-crossing asteroids are thought to be fragments of shattered main-helt asteroids which
have heen delivered to the terrestrial planet region by the 3:1 and 1 chaotic resonances (Wisdom T983:
Morbidelti and Moons 1995 Gladman of al. 1997) we claim that most (if not all) FCAs Targer than a few
hundred mcters in diameter are rubble-piles (Love and Ahrens 1996).

This view is supported by the spin period distribution of asteroids, compiled by Harms (1996). Harris
derived the eritical density p. helow which the centrifugal aceeleration of a elongated body rotating with

spin period 12 execeds its gravitational acceleration, at which pomt it hegins to shed mass along its equator:

330\ /a o a 330\ oy
p,.~<»~}) ) (]))g(lll N(- g > (14 Am) gem™ (1)

where the axis ratio of the rubble-pile projected on the sky is a/b and the Lightcurve amplitude of the hody
has magmtude M. Plotting lightcurve ammplitudes vs. spin period for 688 asteroids of all sizes, Harris found
that no asteroid spins faster than the disruption limit for a density of p. ~ 2.7 ¢ e, e then examined
the spin period distribution of the 107 asteroids smaller than 10 ki dicaneter i his sample. imany of which
are ECAs Harris found this distribution abruptly truncates at fast spin rates. Since asterords with tensile
strength can rotate at virtually any speed. this truncation implies that ECAs may have no tensile strength
and therefore may be rubble-piles.

There is considerable evidence that some comets may also be rubble-piles. ludirect observational and
thearetical considerations (e.g., spontancous nucleus splitting, Weissian 1982; formation through accretion
of smaller icy components, Weidensclitling 1997 ete.) and the more direct record of tidally disrupted comets,
together strongly mnply that comets are intrinsically weak objects,

The most famous disrupted comet is without question Shoetnaker-Levy-9 (SLY), which hroke into more
than 20 similar sized fragiments during its penultimate encounter with Jupiter in 1992, when it passed within
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1.6 Jovian radii of the planet center. Asphaug and Benz (1996) found th it S1, 9's distuption into a “string
of pearls” could ouly have occurred it the cotnet was virtually strengthless (¢f. Section 1.2). Another tidally
disruptod com e (of fess renGwn) s P'/Brooks 2, which broke into at least 8 fragiments w hew it approached
within 2 Jovian radii of Jupiter in 1886 (Sckauina and Yeoraus 1985). However, notall obj ects hreak apirt
onclose ap proac L. con et P/Gelirels 3 remanned intact after approaching within 3 Jovian rachii of Jupiter
(Rickman 1979 Rickman and Ma linort 1981), tho ugh this resalt was consistent with the tidal disraption
limit predicted by Sridhar and Tresnaine (1992) (of. Bq. (3). below).

At lCast th ree sun-grazimg comets are believed to have boen pull od apart by solar tides vather than
disrupted by vol atile pressure over the fast ~ 100 yr: P/Great Septenmber Comet (1 882)P/Pereyra (( 1963).
and P/Tkeva-Seki (1965) (Weisstnan L980). Tn the case of pnicj~1-siii, Opik (1966) argned thatthe seven
identifiable fragments, all of which had perihelia near 0.008 AU hut diverse aphelia separated by as much as
6 AU, required a dynamic separation mechanism like tdal disruption. Typical cotaet splitting mechanisins
(c.g.. pressure release from volatile gas pockets, explosive radicals, amorphons ice, jetting of volatiles) only
produce velocitios of a fow i 7 Opik also dogermined thacil the comet did not have a rabble- pile structigpe,
it would have to be weaker thavn “meteoricdustballs™ (o disrupt.

1 he fragienation of these comets vividly demonistrates how even weak differential gravity candrastically
alter the mor phology of small bodies in the solar system. 1 he frequeney of SLY events near Jupiteris not
known, but the cratering records of the Galilean satellites suggest that SL9 was not a singular oceurrence.
Unusnal crater chains called catenae, classified as haoving long, linear rows of equally spaced, similarly sized
craters, have been identified on the Jupiter-facing hiemisphieres of Ganyinede and Callisto (Sct 1(111< ¢ fal.
1996). Melosh and Schenk ( 1993) have suggested that the catenac are impact scars from SLY-Tike fragment
trains, especially sinee their morphology and loc ation are inconsistent with secondary chains formed by
crat er ejecta. Stee both Ganvinede and Callisto are relatively sinall targets Tar from Jupiter. SES-1ype
e venits wonld need 1o occur every 200 100 years to produce the observed nomber of catenac on cach body
(Scheuk e al 1996). 1 hus we cam mfer that Odal disraption is conmon near Jupiter,

We hypothesize that tidal disruption may also occur near Farth. <1 he Barthis smaller than Jupiter, huat
itis al so more dense, enhiancing the strength of tidal forces. 11 s also approacicCmore often by slow-moy ing
asteroids than by high-speed comets: the higher density of asteroids makes thetn harder to pull apart, but
their lower speeds allow more time for tidal forces to work. Since we have yvet to see an e vent comparable to
SLY near Barth, b owever. we noust look elsewhere for evidence thet tidal disruption does occur.

I hree maiu lines of evidenee have cmerged which support our hypothesist Fipst . survevs of (he lonar
surfa ce have reveale(] one or two catenac on the Moon's near side analogous to those scen on the Galilcan
satellites (Mclosh and W hitak or 1994 W at chinan and Woad 19905 Sterieh metal YO6) . <1 hese conld have
resulted from SLO-like disruption of ECAs (Bottke of al 1997a). Sceond. dotiblet eraters nmpact structures
that are thought to be formed by two asteroids striking a planetary surface at nearly the same time have
heen found on the Farth, Moot Venus, aud Mars (Melosh and Stavnsheppy 199 1) 1 hese ex eoptional fe ature s
can be explained by the impact of well-separat ed hinary asteroids produced by tidal disruption events nean
Fatth (Bottke and Melosh 199 G:1.b). Finally, delay-Doppler radar images o f near-Earth asteroids (Ostro
1993) reveal bizarre shapes that inav ha ve resulted from tidal distortion during close en connters with Earth
(Bottke of (/1. 1997h727): asterotds 1769 Ciaste sdia, 4179 Toutatis, ancl 2063 Bawcehus ook Tike dumnbbells.
while 1620 Geographos ha s a highly elongated porpoise-like profile,

In this paper, we will investigate whet her the tidal field of the Bart i is responsible for some or all of
these phenotpena. W ¢ use a(irect N-hody 111 paz1 whi e simalates closcencounteors pirubblcopile progemtors
with the Bar the A fter char actorizing varions types o tidal disrapiton regimes, we compare oun results to
the observations outlined above. Our conclusions indicate that tide | disraption must now be considered an
inportant wechanism for unclerstanding the evolution of ECAs and otherne ar-Farth objects,

1.2 Previous Work on Tidal Disruption

Boss ¢t al. (1991) stated that most of the hiterature on tidal processes can be divided into two broad,
sotetimes overlapping categories:  “tidal failure™, where a body with naterial strength undergoes tidal
stresses until fracture and/or failure is induced, and “tidal disruption”™. where a body s separated into two
or more fragments whose orbits diverge following a planctary encounter. Here we briefly veview the papers
which coneentrate on tidal disruption.

Roche (1817; see Chiandrasekhar 1969) showed that a self-gravitating svnchronously-rotating liquid satel-
lite circling a spherical planct caunot keep an cquilibrivm figare inside a ceritical distanee

1/ NRVAS
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where VY, ), Bonandpy are the mass, radius, and density, respectively. of the planct. and pe,cis the density
of the satellite. Thus, a strengthless body with a density of 2 g cin™* disrupts ouly i it orbits the Barth at
a distance less thani 3.4 Ry where Ry is the Earth’s radios.

Jellrevs (1947) and ()I)ili (1950} applicd these ideas 1o caleulate the tidal stress induced inside a solid
satellite. Comparing those values to the strength of rock (c.g., asteroids and rocky satellites) and ice (e.g.,
comels and icy satellites), they concluded that tidal diseuption of solid objects i the solar systemr was
unlikely to ocenr unless the satellite was unusually large and close to a planet. Both predicted that the rings
ol Saturn could not have been formed by the tidal disruption of a solid satellite. Ineluding the satellite’s
scll-gravity into the theory, however, ()]»ik (1966) demonstrated that tidal forces should he important for
bodies with weak internal structures (c.g., comets). Opik even suggested that comet Teeva Seki, which broke
up during its close approach to the Sun in 1965, may hiave had a “rubble-pile”™ strueture.

Sckiguehi (1970) examined whether Tunar tides were strong enough to distort or disrupt asteroids before
impact.in the hope that they might explain many of the more unnsual eraters on the Moon’s surface. Though
he was the first to consider non-orbital trajectories for his progenitors, several errors have now heen found in
his technigue, making his interpretations guestionable (Dobrovolskis 1990). Aggarwal and Oberbeck (1974)
later expanded on Sekigucehi’s work to investigate various modes of fracture i clastic impactors and orbiting
satellites.

Dobrovolskis (1982) wmodeled tidal {racture in a homogencous triaxial ellipsord and applied his model to
Phiobos aud other bodies. His results indicated that Martian tidal forees are attempting to “squash™ Phohos
along its long axis, but that it is stable at its present distance from Mars,

Mizuno and Boss (1985) nsed a unmerical grid-based hydrocode with viscosity to study the tdat dis-
ruption of 1000-kin planetesimals passing by an Earth-sized planct on a parabolic trajectory. Their results
showed that internal dissipation can prevent tidal disruption, even when the planctesimals are on near Farth-
grazing trajectories. Naula and Beachey (1981), using a related method, found similar results, Dobrovolskis
(1990) aud Sridhar and Tremaine (1992), however, questioned whether the dissipation model used hy Boss et
al (1991) was realistic: actual plancetesimals: they argued. may not be strongly dissipative, To etuphasize this
point, Dobrovolskis (1990) examined how realistic failure aflected tidal disruption i homogeneous objects
composed of hotlt duetile (e.g., iron) and brittle (e.g.. stone or ice) materials, Tis results set striet limits on
the size, strength, material properties. and orbital paraineters required to produce a break-up event,

Melosh and Stansherry (1991), while investigating the formation of doublet craters on Farth. tested
whether contact-hinary asteroids (1.e., two - caomponent rubble-piles) could be pulled apart by tidal stresses
Just prior to impact. They found that this scenario, in general, only causes scparation in a divection along the
hnpact trajectory, such that the binary components tend to strike very close to one another, Related papers
by Farinella (1992), Fariuella and Chauvineau (1993), and Chauvineau of al. (1995) investigated the effects
of planetary tides on binary asteroids. They Tound that close encounters modify the separation distance
hetween the components, frequently inereasing their mutual semimajor axis and eccentreity. Accordingly,
strong perturbations often cause hinary components to collide or eseape one another.

Boss el al. (1991), using a “smooth particle hydrodynamies™ (SPH) mnodel, explored whether nou-rotating,
scll~gravitating, inviscid planetesimals enconntering the Barth sufler tidal disruption. They found that large
(0.1 A1) planetesimals remain intact, wwostly hecause their size Tnnits the approach distance. Small (0.01
M) planetesiials were found Lo disrupt when their encounter velocitios (e..) were less than 2 ki s™!
and their close approach distances (¢) were less thau 1O R from the center of the Barth. Boss ¢f ol also
discovered that Farth’s tidal forces induce clongation and spin-up in the planctesimal; this effect actually
causes the observed mass-shedding in many cases. Interestingly, some of thewr test cases revealed SLO-lke
outcomes nearly two vears hefore the discovery of SLO itself.

Sridhiar and Tremaine (1992) developed an analytical methodology to ascertain liow non-rotating, sclf-
gravitating, viscous bodies undergo tidal disruption. They showed that such bodies shed mass if their
periapse is sinaller than:

3
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where pre 18 the bodys density (i.e. the same parameter as pog from Eq. (2)). Their results, like Boss of al.
(1991), showed that weak objects can undergo SLY9-type disruptions. Lacking the ability to include vorticity
in their model, however, Sridbiar and Tretaine were uuable 1o look into tidal spin-up mechanisins,

Watanabe aud Mivama (1992) modelled the tidal interactions between inviscid planctesimals ol compara-
ble size. Though their results focussed on effects occurring near or during collisions, they did find that tidal
forces yield ninportant ellects when the planetesitnals” relative encounter veloeity s less than their mutual
escape velocity.
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Asphaug and Benz (1994 1996), along with several other groups (e.g.. Boss 19910 Rettig of al. 1991,
Sekanina o al. 19941) investigated the hida) disruption of SLY using nimnerical codes, We focus on the results
ol Asphaug and Benz (1996), however, since their extensive test results provide a good fit to observational
constraints, and because their methods are germane to the issues contained i this paper. Using an SPH
code shilar to that used by Boss el al (1991), Asphaug and Benz (1996) tested two tyvpes of cometary
progenitors: a non-rotating solid sphiere and a non-rotating spherical rubble-pile of equal-sized particles.
In the former case. they found that solid comets fracture and split under tidal stresses i binary fashion,
regardless of the comet’s material properties. Fhis hicrarchical splitting (i.c., 2 picces, 1 pieces, 8 picces, ete.)
was considered too slow aud diflicult to create the more thau 20 roughly equal-sized fragments comprising
SLY. A better mateh was found with the rabble-pite maodel. Using SLOs orbital constraimts, they found
Jupiter’'s tidal forces could pull the pile into an clongated needle-like structure whicl, as it receded from
Jupiter, chumped into multiple equal-sized fragments.

Bottke and Melosh (1996a.h) investigated how rotating contact-binary asteroids mnight disrapt during
close approaches with Earth and other terrestrial planets, They found that tidal [orees frequently cause
these bodies to undergo fission, pulling thein into separated components which can begin to orbit one
another. Their results suggested that as many as 5% of the kinesived Barth-crossing asteroids may have
hinary companions produced by this mechauisin. enough to explain the large fraction of doublet craters seen
onFar th (~10%5: ¢‘omparsons 1,(122°till the doubleteraterpopulations on Venns (Cook el ¢ 1997 ) and
Mars (Meloste et al 1997) also vielded good matclies.

Solem and H itrs (1996) investigated how Farth’s tidid forces might modify the shapes of many Parth -
crossing asteroids, Using a non-rotating spherical aggregate as their progenitor, they found that close Parth
approacties often kucaded the body into a nelongated shape retmmscent of highly elongated asteroinds sue h
as 1620 Geographos.

NEED CONCLUDING/TRANSITIONPARAGRAP Y
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2METHOD
2.1 Tidal Disruption Model

The rubble-piles in our simulations are qualitatively similar to those used previously by Asphang and Benz
(1996) and others: they are roughly the same size, they have approximately the same number of particles,
and they are only hield together by sell-gravity. Specifically, our progenitor is an aggregate of 217 identical
spherical particles, each 255 m in diameter. The number of particles was chosen as a compromise hetween
resolution and computation time: each individual ran takes several hours to complete on a 200 Milz Pentivn
running Linux. In order to make our simulations more realistic than previous efforts, however, we have

mtroduced several enhancerments:

1. Non-sphericity. We investigated two diflerent configurations for our rubble-piles: a nearly spherical
progenitor like those used by Asphaug and Benz (1996) and an ellipsoidal progenitor which more closely
rescinbles real Barth-crossing objects (NMebFadden (7 al. 1989; Ostro 19930 Ostro o al 1995a.b). For
the latter case, the body was given dimensions of 2.8 x 1.7 > 1.5 ki (b 8> 11> LO poralized),
not WHKC the axis ratio of 4769 Castalia (Hudson and Ostro 1995a). We chose the ¢lon gated shape

hecause spherical progenitors (used by all other groupsy have lower [ potentialenergies,
making them intrinsicallystao agamsttid al disraption than other configuratio s,

2. Rotation. We let our progenitors rotate over a range ol spin periods @ nd spim @ xis ortenta fions,. Qur
spherical progemntor was tested for spin periods of 17 = 6 1, while our elongated progenitor was tested
for r = A, 6, 8 10,12 b, and 7 o= x (i.c., uo spin). Most carlier 1models used progenitors without
spin since (a) it is simpler, and (b) objeets with random spin axis orientations have a nhoarly equal
probability of encountering a planet with a prograde or relrogrivdae spHin, mak jne the “zero spin” case
arcasonable represcutative cas o Tlis “average™ progenitor (10 = ~0), howe v does not necessarily
produce the tedian break-up outeomc Our results indicate that the median bred ikeup outeonie is
instead domina god by objeets with prograde spins, which are susceptible to tidal distuption (note

unpublished work by Asphaing and Benz shiows this same result),

3. Hyperbolic flybys. Planar hyperbolic encounters can be defined by the rubble-pile’s encounter velocity
al “infinity™ (v~ . the velocity of a body belore the gravitational acceleration of Earth becomes signifi-
cant) and its periapse distance (¢). Previous models nsaally simutated parabolic encounters (e 2 0).
Such trajectories provide a uscful approximation. but they are not as representative as hyperbolie
trajectories (r-, > 0).

1. Vriction or energy dissipation. Collisional energy loss is incorporated through a coeflicient of restitution
¢ (i.e.. the ratio of the rebound speed to the impact speed). For the cases i this papers o = 0.8 Our
{ests show tidal disruption is largely insensitive to the choice of ¢ so long as collisions are inclastic
(¢ < 1) (also scen by I Asphaug. personal conmunication). Previous models featured only elastic

collisions.

The bulk density of our rubble-piles was set to 2 g em™ % Tudividual particles were given densities of
3.6 g emn™ 3, similar to ordinary chondritic mieteorites (Wasson 1974). Our choice ol bulk density may be
conservative, given the estimate of 253 Mathilde’s bulk density (1.3 g cin™ ), but it is reasonable given the
range of densities measured for Phobos and Delinos (~ 2 g cini” 3 homas of al. 1992) and 213 1da (bhetween
2.0 and 3.1 g e~ % Belton e al. 1995). We have decided to omit test runs with cometary bulk densities in
thix paper for computational expediency and hecause we do not expect many corets to tidally disrupt near
the Barth. Long period cotets typically have such high enconnter velocities with Earth (the mean encounter
velocity is ~ 55 ks~ 1 Wedssian 1982) that few are expeeted 1o undergo tidal disraption, despite their
Jower bulk density and henee larger Rochie sphere. The contribution of short-period conmets to the near-Farth
objeet population is thought to be negligible (Morrison 1992). We chose not to address the issue of extinet
comets within the Barth-crossing asteroid population at this time,

2.2 Complications Using Rotating Elongated Rubble-piles

Allowing rubble-piles 1o rotate significantly increases the complexity of the sinlation and the size of pa-
rameter space that must he investigated to adequately characterize tidal disruption outcomes. For exaimple,
an object that disrupts during a close approach when rotating prograde (i, i the same sense as the orbit)
may not disrupt if the spin is retrograde. Our results will show that the quantity of mass shed during a dis
ruption event varies according to the orientation of the hody s spin axis at periapse with the Earth (perigee).
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We define this orientation using two angles: o, the angle between the rotation pole and the normal of the
progenitor’s orbit plane (analogous 1o the obliguity of a planct), and #, the projected angle between the pole
and the veetor conuecting the progenitor with (he center of the Earth at perigee, measured in the orbital
plane (Fig. 1), Thus, prograde spins have o < 90°, while retrograde spins hiave o > 909,

Use of a non-spherical progenitor also complicates matters. We find that the oricntation of the body’s
long axis at perigee affeets the amount of mass shed during tidal disraption. Consequently, we keep track of
the rubble-pile’s rotation phase, using the angle 0 (Fig. 1), When 6= 090 the long axis (or its projection in
the orbit plane) points divectly toward the Barth, When o < 90° (prograde rotation) and 0 < ¢ < 90°, the
feading long axis of the object is rotating toward the Earth just before close approach. Conversely when
A < 90° (prograde) and 90¢ < 0 < 180°, the leading long axis is rotating away from the Barth,

2.3 Description of Numerical Technique

The nmuerical code and methods deseribed here are Targely based on Richardson (1993; 199.1; 1995). All
computations take place in three dimensions and there is no fimit to the spatial domain that can be occupied
hy the particles. We use a direct method for integrating the cquations of motion that arise from particie
self-gravity. Although this miethod scales as A0 where A is the nnnber of particles in the rubble-pile, we
use relatively few particles (£ 1000) so that there is little advantage to einploying cost-reducing algorithins
such as tree codes. A typical run with our 247-particle aggregates involves over hadl o million collistons i
about b million timesteps,

Our numerical integrator is a dth-order predictor-evalnator-corrector scheme that features individual
particle time-steps (Aarseth 1985). ‘The individual steps arve eritical in order to deteer collisions accurately
(Richardson 1991). In addition, the force and first three time derivatives vield a very scusitive timiestep
criterion (Press & Spergel 1988). 10 should he emphasized that collisions between particles ave detected only
after they have taken place. That is, collisions are deteeted by noting whetlier there is overlap between the
current particle and its nearest neighbor. For the bulk of the runs discussed here the thnestep coeflicient
was chosen such that overlaps are typically no greater than 0.1% of the st of the radii of the colliding pair.
This parameter choice has been found to conserve angular momentuim adequately (< 5% deviation) over the
course of a typical rubble-pile asteroid encounter with the Barth. Encounters completed with sialler timestep
cocllicients (i.e., greater accuracy at the cost of computational eflicieney) show no significant diflerences, For
our sitnulations, all particles are modeled as indestructible untlortn spheres. "Vhe particles Jack sticking forees,
such that agglomeration arises solely from sclf-gravity.

As mentioned previously, cach model mcorporates a normal cocflicient of restitution ¢ = (.8, "There is no
siurlace friction in the models (e, the transverse restitution cocflicient is unity). Without radial damping,
any chunps that fortn by gravitational instability arc noticeably less tightly bound. For collisions at simall
relative speeds however (v S {l wee Where v ~ I8 cin =7 Uis the surface escape speed of a particle in our
shmulation), it s necessary to adopt ¢ = 1.0 to prevent computationally expensive siurface sliding motions
(Petit & Hénon 1987). A i time-step &y, of 10717 time units (one thne unit = 1/27 yr) is imposed
1o ensure that time-stepping does not venture too close to the limits of machine precision. Also, a maxinmm
step of 0.01 time units s used to ensure a mmnimutn integration accuracy for particles that have drifted far
from their perturbing neighbors. For additional details regarding the precise cateulations needed 1o handle
collisions in a dense sell-gravitating cnviconment such as a rubble-pile, see Richardson (199-1).

It is interesting to note that our rubble-piles have some fluid-like properties, especially at the moment
of disruption. T'hat is. the rubble-pife is seen 1o flow viscously from one form to another during disruption.
ludeed, it has heeu found that under some cireamstances (usually after free-fall aceretion), a rotating rubble-
pile has a shape consistent with a Jacobi ellipsoid (¢f. Binney and ‘Tremame T987) However, not all rabble-
pile configurations are Jacobi ellipsoids, a fact which appears to be due to the rubble-pile’s granular nature.
Thus, the rubble-pile can get trapped in a local energy minitnnm that requires a finite input of energy before
the material can veconfigure itsell through dissipation into a lower energy state. 'This effect as similar i
concept to the angle of repose of granular media, a quantity that depends ondy o the waterial chiaractensties
of the grains. Because of this, our progenitors generally maintain theiv shapes prior to Farth encounter
despite being given different initial rotation rates. Friction also tiakes our rubble-piles slightly more diflicuolt
to disrupt than the more fluid objects studied by Sridhar and Tremaine (1992), though we believe it also
causes our bodies to behave more like real cotuets and asterotrds,

To minimize round-oft error when particle separations are computed. we carry out the simulationsin the
rubble-pile’s center-of-inass frame, 'I'he equation of motion for the i-th particle is then written:
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is the force per unit mass on the v particle due tothe Earthand the other rubble-pile particles. © 1 he
second term in Bq. (4) represents the acecleration of the cont er-of-mass frame by the Larth and is cal culat ¢
1o high order in the position vector. Note thatin this model, the force contribution of the Barth is treated
like that from any other point-mass particle (e, i the sunvuation, g = Moo v 2 Boand shape eflfeets
are ignored), althongh the back-reaction 01 the rubble-pile particles on the Barthis neglected. Also. neither
the tidal eflccetof the Sun nor the perturbing of Teet of the Moon have been inelnded in these caleulations.
As we are primarily interested in the mechanies of tide q bre akvips, such slow-acting perturbing offectscan
he ignored.

The starting distance of the asteroid froni the Farth s Ih Roche radin (recall Ry ~ 3.0 1 for a
body with bulk density proe = 2 g ™ in the vieinity of the Earth), large enongh to ensure planctary
perturbations are negligible at the outset, but sinatl enough to make exploration of parameter space practical.
Bach run is ternminated at a post-encounter distance of ~ G012, the distance between the Barth and the
Moon. See Appendix A for a devivation of the total integration thie for these orbits, parameterized by the
close approach distance ¢ and the enconnter velocity v,

During the run, periodic outputs are generated:  sumin ary statisties for diagnostic pur pos es, particle
positions and velocities for analysis such as cluonp identification, and animation frantnes, Also recorded is the
instant of closestapproa ¢l (periapse passage ) for follow-up determination of the asteroid orientation at the

point of mnaxtnun tidal stress.

2.4 Analysis Method
2.4.1  Clump-finding algoritlhin

“1 he most basie information that can be gleaned from a tidal coicounter is the neature and amount of any
shed material. Our analysis code autor nates the categorization of cach tidal encounter by identifving the
post-cnicounter distribution of particles. The largest (tiost massive) elump is taken to be the progenitor’s
undisrupted remains. 1 e outcome elasses, which we define in Section 3.1, are simply determined by the
tnass fraction of these remiains,

To find chunps, wee define a “rad s of influence”:

T2 max{O. 1 Ry, 07 R0, (6)

whiere ‘
; NUA _
CHo S (i)

is the 1 ill radius (the chiaracteristic distance of influenee in the restricted three-hody problen: here m, s
the clump mass and » is the distan e of the pragenitor center of tnass fromn the Farth). € is the maimum
dinsension of the clump, and n, is the number of particles in the clmp. L. () was arrived il throngh
trial- and-crror and by comtparing the cotpted clumnps with a visual examination of tie deya Althiong ),
targely empivical in origin, 1Uhas been found that use of this formula in the clump finding algorithin results
ma very highydetection accuraey pereentage. The use of the nyax() function strikes an exeellent balanee
between gravitational association (via the Hill radius) and physical proximity.

Initially Bq. (6) is used to find the radii of influence of individual particles (i.e., i the formuala, n, o 1,
m, s the particle mass, and £, is the particle radius). Bach particle is chiecked in turn to see whether there
arc any overlaps botwoen sphere s of influence, I an overlap i detected, the particles are merged together to
form “assoctation” or “proto-clump™. The algorithim then procecds iterat ively. firstrecaleu lating radii of
influence for any new associatjons created, they checking OV Crlapsfor 1y ©) 1 particles and associations, until
after a complete pass there is no change in association membership. Onee this procedure terminates, any
associations W ithy three or tore particles are considered to he elumps.

Comparisons hetween the algorit hin“s results and a visual examination of outcotnes have vielded favorable
mal ches i nCarly all cases. Ieaddition, this simple clump-finding routine was compared with the output
from sk1D (Stadel e al, inpreparation)?, a generalized code develop edfor cosmolo gicat simulations that
finds gravitationally hound groups in N-body simulations by folowing density gradients and using the
“friends-of-friends”™ techuique. Tl iere was no significant differcice in detection aceuracy found hetween the
twomethods.

I he codeis publicly available from wew-hpcc.astro.washington.edu/tools/SKI1D/.
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2.4.

Properties of the post-encounter remnant

Once the clmups have heen identified, the most massive clutip is taken to be the remnant of the original

rubble-pile. The following propertios ave then heasared:

Mass, 1o determine the relative mass of the remmant, we take the ratio of the number of particles i
the clump to the total number of particles in the simmlation (V). Siuee all particles ave identical, this

vields the retmant’s mass fraction A,

Rotation period. To determine the rotation period, P, we fivst compute the inertia tensor 1ol the
clump, given by:

(¥)

where T; =0 200 171 15 the inertia tensor of cachi constituent particle ¢ (imy is the particle nrass and ¢
5

the radius: 1 is the unit matrix), and ¥ is the particle position relative to the chump center of mass.

Next, the angular imomentum of the clump with respect to its mass conter is computed according, to:

h - Z: mir, Xv;. (9

where v;is the particle velocity relative to the clump center of mass. Note that intriusic particle spin
is ignored since the coeflicient of surface friction is unity in all models. Now, since for a solid body.
h = 1w, where w is the clump angular velocity, the rotation period of the chimp is given by

27 2n
"w] 11- 11,1 (1)
Note that this formalism assumes that the clomp can be treated as a rotating solid hody (e, one iy
which the position vectors v, retnain fixed in the body fravne). I the prescuee of shear (such as doring
the actual disruption event when particles closer to the planet acquire a larger Keplerian speed than
those further away), some outer particles may rotate slower about the mass center than the solid body
rate of the core, giving rise 1o a somewhat louger period. "This factor, however, does not appear to
affect our results inany significant way since spins are generally measured well after disruption,

Clump dimensions. The inertia tensor is also used to caleulate the chutnp dimensions (including the
quantity f,. used in the iterative procedure deseribed above). First, the principal axes of the clip
arc obtained by diagonalizing the inertia tensor and solving for the eigenvectors (e.g.. Press of al.
1992, §11.1 11.3). "T'his procedure, however, only provides the hody axis orientations, not the lengths.
To compute the lengths, all possible two-body particle separations arc calculated and projected onto
cach body axis. The largest scparations ap, as. and ay along cach axis are recorded and sorted so that
ay > as > ay. These are taken to he the clump ditnensions (so . = a1). Note that distances hetween
spheres along a given axis include the finite size of the spheres (e. 20 s added 1o eacli length). T the
literature, the axis ratios ¢o = as/ay and qa = ay/ap are often used to characterize non-axisyrumetrie

hodies such as these chumps. In addition, we define a convenient single-vadue measure of the body's

“ellipticity™ using the quantity ., = 1 - ZL((/'J 4 ).

Phase angle of fong axis at periapse. The orientation of the rubble-pile’s long axis at periapse 0 s
derived from the principal axes of the inertia tensor. The nvagnitude of @ depends on the angle hetween
the body major axis and the position vector of the planet. The sign of € is governed by the relative
orientation of the hody major axis with the rubble-pile’s velocity vector. Thus, if py s the major axis
veetor of the rubble-pile, and v is thie position of the Eartho with respect to the rubble-pile’s center of
mass, then the phase angle 6 can be found by taking the dot product between theni:

0 f cos™ (1) i (pr-v) <0 (1)

7 - cos” (D) otherwise

where v is the velocity of the Farth with respeet 1o the rubble-pile’s center of mass, aud © denotes
the unit vector. Our coordinate systemn is oriented so that at periapse. v points in the negative a-axis
direction and v points in the negative g-axis direction. Note that there is an ambiguity of 7 in the

oricntation of py.
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2.4.3  Osculating clements

Finally, to categorize the material hiberated from the progenitor, we determine the mass fraction of clumps
that are in the process ol escaping, orbiting, or reacereting onto the remnant rubble-pite. These ratios
are derived by computing the osculating clements ol all the other chinmps with respeet to the remmant. A
reacereting clump is one for whicl the orbital ceeentricity with respect to the remmant rubble-pile is ¢ < |
and for which the semi-major axis a < €. - @y, where ap s the length of the longest hody axis of the elump
in question. Otherwise, if ¢ < 1, the clump is considered to be orbiting the remnant rubble-pile. Hoe > 1.
the clumyp is escaping. 'The total nnmber of particles in ecach category is divided by N 1o forin the ratios.

The equations for a and ¢ are similar to those found i Appendix Ao Tor completeness, the orbital
imclination is given by 7 = cos” Ty ). where B and by are the relative angular momenta of the elump with
respect 1o the renmant, and the remmant with respeet to the planet. respectively.
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SRESULTS

3.1 TidalEncounter Outcome Classes

i the course of performing our sinlations we found thiat differences in tidal encounter outceornes could he
(irtaP @ 1o four broad hutdistin etclasses. These qualitative morphological differences are well correlated
with a simple parameter, the post-cricounter mass fraction of the progenitor (M ). 1 heclasses arve:

1. Catastrophic or “Sdisruptionds cliss W (0 classify the disruption as S elass when the largest
remaining fragiment yetains less than H0% of the progenitor’s original Wiass (Pig. 2a). For this most
dramaticoutcome class, the equipotential surface (which is evervwhere perpendivcnl ay o the local
gravity. including tidal and centrifugal tering) of the rubble-pile asterotd s strete hed into a spindle-
like shape pointing toward and away from the planet atclose approa e particles outside the new
equi potential surface move “downhill™ to fi11 in that shape, though friction and the particles™ own
inertia prevent then from arriving at their new positions st prancously. As 1 herabble-pile recedes
from the planet, it continues to streteh apart while gravitational instabilities along the length gradually
canse particles to clump te g nnber of roughly equal-sized bodies. *1 his distuption type is analogous
to that seen when cotnet SLO was pulled apart ncar Jupiter (of. Section 1).

[MOREINFONEEDEDIN ‘171118 PARAGRAPH]We find that the debris train length 1 grows alimost
linearly following s class disruptions (Pig. 3), as is expected for liyperbolic enconnters (Halny ppivate
cotmmunication), in contrast to the £ V4 asymptotic growth mode of parabolic models (€ g Sridhar and
Tremaine 1992) 11 the fundaent 4 wavelengthof the gravitational instability A is known, the number
of chnmps expected is simply given by the ratio L/ atsome characte vistic time (4, Tree-Tidbtime)
following disruption. I has bheen found that a simple Jeans approsimation to A provides a reasonable
mate]y (o disruptiong within this class. More work is needed to generalize the theory to other disruption
endlstates (Hahn, in preparation).

2. Rotational break-up (B-class). We classify the disruption as B elass when the Targest remaining frag-
ment retains between HO% and 90% of its mass (Fig. 2b). With this less violent form of disruption,
the consequence of the imbalanece hetween the Earth's gravitational pull and the extra centrifugal
force acting on the rubble-pile as a result of the orbital motion is more clearly seen. The end of the
body nearcst Barth expericnces an excess of gravitational foree pulling it vadially toward the planet,
while the end of the asteroid furthest from Farte experiences an excess of centrifugal force pulling it
radially away from the planet. The difference results in a torque which pulls the asteroid’™s long axis
toward a radial line stretehing from the asteroid’s center of mass to the Earth's center. Inmany cases,
tidal torque increases the rubble-pile’s length and accelerates its rotation rate (Boss ol al 19917 Boss
1991: Solenm and Hills 1996). In a B class outcone, the forque is strong cnough to cause particles
or clumps near the ends of the rubble-pile to be thrown into space in the asteroid’s equatorial plane
PROGRADE ONLY 777, "The initial spival patterns thus produced arve similar to those seei in models
of stellar collisions (Benz and Hills 1987; Benz of el 1989). The material shed during this process
often removes enongh angular inomentun fronn the rubble-pile to slow the remmant’™s rotation below

the pre-encounter rate.

3. ALild disruption (hi-class). Mclass distuptions are those for which the stripped material ACCOUN g fo¢
loss than 10% of the progenitor’s phass (Fig. Ye). hithis case only small clumps or individual particles
a1 the limit of the mGdel resolution are lost. However, 1 the pro cess, the progenttor shape is often
strongly distorted. Also. our simulations typically show thatin these horderline (317 (itts the end of the
rubble-pile swinging by B arthnear perigee suffers more elongation and mass shedding the e the far
end. ‘1 hus, the near end becomes long and taper ed, while the fitl end re mains more stout. In some
cases, these ends also retain small cusps swept hack against the divection of rotation. like @ pinwheel.
T'his shape resembles at least one near-Barth asteroid nmaged by delay-Doppler radar techniques (of.
Section 4.1). The asyvinmetry of the tidal distortion may be due to finite-particle effects,

4. No mass loss (N-class). For this outcome class, no mass is lost during the encounter but idal tor ques

may still reshape the asteroid and/or change its spin rate (Pig. 2d).

3.2 Dependance on Model Parameters

There are many physical parameters that determine the tidal encounter outeome: the trajectory {(two param-
eters: more if planet shape effects are included), the rotation rate (one parameter), the spinaxis orientation
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(two parameters). the bady shape and overall size (at least three parameters). the long axis orientation
al periapse (one parateter), the planet/hody density ratio (one parameter), the nature of the constituent
rubble-pile particles (mauy parateters), ete. There are evidently far too many parameters to explore all of
them in systematic fashion, so we fix the least crucial and vary the tost nnportant, the latter heing the

trajectory, rotation, shape, and density ratio.

3.2.1 Trajectory: Varying ¢ and v,

For these tests we chose Farth as the target and used our “generie”™ elongated asterord with perfectly prograde
rolation (o = 0% no spin~axis tilt). The spin period was set to 6 hy the median rotation period of Farth-
crossing asteroids (Harris 1996). The phase angle 0 was constrained to lie between 07 aud 90° i order to
encourage tidal disruption (¢f. Section 2.4 and discussion on ¢ helow),

Since tidal forces vary as the inverse cube of the distance, we expect that the perigee ¢ s one of the most
important parameters in tdal breakap, Our results confirny this strong dependence (Fig. 77): as ¢ increases
from 1.01 to 3.8 ;. tidal disruption becomes more difficult and tess violent, changing the outcome from S
class for the smallest ¢ values, through B and M class for interinediate values, and finally to N class for the
largest ¢ values. To illustrate this further, Fig. 6 shows the configurations of the 22 = 6 h rabble-piles at the
termination of their runs. Both plots indicate that even at the slowest encounter speeds, there is a distance
bevond which mass stripping no louger takes place. Naturally this Tnnit is related 1o the Roche Tt (Fq.
(2)).

The encounter velocity (- ) is also of critical importance. As the encounter speed v nercases from 3
to 21 kin s~ T tidal disraption again hecatnes less violent. Faster enconnter speeds mean less time spent near
the Earth where tidal forces are strongest. 11 e s sufficiently high, no ¢ value will allow disruption. Our
results indicate that this limit s well below the average encounter speeds of comets with the Farth (~ 5h
kes™ o Weissman 1982). Thus, we prediet that few comets ever undergo tidal disruption in the terrestrial
planet region.

i general, we find a qualitative inverse relationship of onteome on g and v . Again this is related to the
penetration distance inside the Roche sphere and the time spent within the sphere: the eloser the penetration
point to the planet, the Targer the range of encounter velocitios that can lead to disruption. Accordingly,
this relationship applies most strongly for S class events and less so for B and M class events,

As an aside, we caution that these results suffer to a lunited extent from unavordable disereteness eflects,
arising both from the practical liunitations of exploring parameter space with infinite resolution and from
the complications introduced by variations in 0 (discussed helow). This disereteness should be kept m mind
when interpreting the results.

3.2.2 Rotation speed: Varying /2

Rotation also strongly affects tidal hreakup. For that reason, we devote considerable effort to exploring, it

with greater range and resolution than previous studies. We have examined P2 =0 4, 6, 8, 10, and 12 h for
prograde rotation with no spin axis tilt, as well as the no-spin (P2 = ) case. Pig. 4 summarizes these

restlts, The plots have been scaled with respeet to one another to indicate the relative sizves of the g-r.
space explored i cach casc.

Generally, faster rotation cidtances disruption, increasting the range of ¢ and v values for which S, B,
and M class disruptions occur. Within the disereteness limits of the plots, the arca encompassed by mass-1oss
classes shirinks as the rotation period incrcases. Note however the difference in outcomes between £2 = 4 h
and 17 = 6 his greater than the difference between 22 10 heand £2 = 12 L. This elleet is not surprising,
since the former cases ave much closer to the rotational hreak-up Tt given in Fq. (1) than the latter cases
(3.1 I for our rubble-piles). Since a particle at the tip of one of our I’ = 4 h rubble-piles moves at ~ 70% of
escape velocity, only a smallinercase i rotational inomentum from tidal forees is needed 1o eject the particle
into space. I the rubble-pile rotated more slowly, say at £ = 12 L, the same particle (now moving at ~ 25%
the escape velocity) would require a bigger kick from tidal forces for cjection. Even objects without spin
(I’ = ), however, undergo tidal disruption if ¢ and v are sinall enouglt, as seen in the Figure,

3.2.3 Spin axis orientation: Varying o and /3

The direction of the rubble-pile’s spin axis also plays a role i tidal breakup. So far we have only shown pure
prograde cases (a = 0%), though retrograde (a = 180%) and intermediate obliquity cases (with 0° < o < 180°
and 0° < 7 < 360°) evidently must oceur as well. T fact, intermediate obliquitios are statistically more
probable than pure prograde or retrograde spin, for any given encounter, Unfortunately, they also comprise a



Richardson. ot al 14

very large portion of parameter space. Thus, for computational expedicney, we have limited our investigation
of o and 1o a representative S elass event (72 60, v = 6 kins” I and q = bRy and B oclass event
{same 1?7 and v, but ¢ = 2.2 k).

Pig. 7 shiows the eflect of varying the rotation angles o and i for these cases. "The rotation pole angle o
was varicd between (¢ and 180° ju steps of 30°. "The rotation axis was constrained 10 Lie along the a-plane
(4= 0% and 180°) or yz-plaue (3= 90° and 270%). Computational constraints prevented systematic testing,
ol additional angle combinations, thongh the other values of 3 we did test vielded results hetween these
extrenes,

From the Figure, parameters that produce an S class event when a = 0° comtinue to produce onteomes
with strong mass loss so long as the rubble-pile’s rotation is prograde (e, o < 90%). The severity of mass
shedding within a class, however, decreases somewhat as aapproaches 907, For example, the B-class evend
i the same figure changes 1o an M-class event as o inereases. Quee rotation hecomes retrograde (n > 0%}
mass shedding is strongly suppressed. Note that the transition is not as rapid when the rotation axis s
confined to the yi-plane (3 = 90° and 180°). This is hecause the long axis of the body continues to sweep
towards and away from Barth, allowing the Targe moment arm to assist the hreakup, We also caution that
these outeornes have heen influenced by noise in 0: the rongh syimmetry scen in between S0 B M and N
class runs for 42 0°,00° and 7= 90°,270° s real. WHAT DOES THIS MEANTT?

We have also examined pure retrograde spin cases (a = 180°) for various values of ¢ and .. Our results

show that rubble-piles with spin periods of 2= - 6 o are nearly inmune to Gdal disruption, regardiess of
their trajectories. Milder 77 = - 12 I runs were also performed (Fig, 8 compare with Fig. 1), Although the

range of disruption outcomes over ¢ and v is greatly reduced compared to the prograde case. note that
all four outcome classes are still seen. Slowly rotating rabble-piles have relatively Tittle angular momentum,
so they are about as difficult to disrupt as objects without spin, and such 77 =~ objeets still show S elass
outcomnes (Fig. 1), Note lowever that as the retrograde spin inereases, S class outcomes hecorne more and

more stippressed.

3.2.4 Long axis orientation: Varying 0

‘1 he effectiveness of tidal disruption also depends on 0, the rotational phase of the rubble-pile’s leading long
axis at perigee. Our runs show that when the leading long, axis is rotat ing towards the Earthoin the prograde
sense, tdal torque and centrifugal force work together to enhan ce disruption. W hen the leading loug axis
is totating away from the Barth, tidal torque and centrifugal force oppose one another to deter distuption.
Recall that tidal forces near perigee streteh the shape of the equipotential surface of the body inthe direction
of the Farth; particles move “downhill” to (ill the v shape if they can, W hen 90° < @ < 1830°, however, this
totove noaent is opposed by rotatior aal whichioftencauses the particles to collapse hack to the retnnant
rubble-pile, typically making the shape more spherical. *1 hisis simitar to w hathappeus to arubble-pile with
retrograde spin.

Since we need 0 between 02 and 90% 1o achieve tidal disruption, we tey to dm™ the initial p hise angle of
the body (O reachi @ ~ 1% Unfortunately it is diflicult to constraina givew run to use a particular value of
0. 1 he reason for this is thr ce-fold: (1) torquing eflects close to perigee that depend on the orientation angle
often change the rotation rat ¢; (2) there is a s1ight adjustinent (contraction or expansion) thi it depends
on the initial rotation period; awd (3) there s a siall secolar nerease in angular momentum that s an
unavoidable but controllable conse quence of the num erical collision algorithim (Controllable in the sense thet
as the thne-steps are foreod 1o be simaller the spurious spin-up also docreases in severity). In practice spin
chianges do not exceed HB% of the initial valu e, hut nevertheless the effect 1115 ikes it diflicnlt to constrain 0
exactlyv. More precise runs canbe tnade, but only at the expense of tnercased CPU tinie.

To get around this, we use a trial-a nd-crror technique, throwing out runs with unfa vorable ¢ and rotating
the starting phase angle until a favorable 0 is achieved. There is soflicient variation in 0, however , that the
outcomessiowrrm tris paper do not always follow a simpile pattern, effectively adding to the disereteness
noise in the outcome plots ((g., theB o111 comeforg=t6 4., r. = Akm s ' 1 = 10h). 1 heoverall

trends, however, are clear.

3.2.5  Density: Going from the Earth to the Moon

As the Roche hnat shows, tidal disruption is a fonction of the density ratio between the primary target
hody (planet or moon) and the wterloper, albeit one with a weak 1/3 power dependence. Because this
parameter has heen explored thoroughly by previous groups (e.g., Asphaug and Benz 1996), we have so far
restricted ourselves to exploring tidal disruption by the Eartl (density 5.5 g etn™ %) We now briefly explore
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the interesting case of tidal disruption by our Moon (3.3 g cm™ < ). 1 he results for flybys of the Moon by our
rubble-pile (£2 = 6 I, o= ()) are shown iu Fig. 5 (compare with Fig. 77).

[t is immediat o]y apparent that the MGonis not nearly as effective as the Barth at disrupting rabble-piles
hecause its Roche sphere is only one quarter the size of Earth’s: Henee, for hreakup to occur. an asterold
or comet must el closer (o the Moon and Mwve a sialler © neounter speed i at the Barth, W T the
Moon, however, one must also account for an additional factor: the combined attraction of the Farth and
Moon. It causes a body with zero velocity  at infinity  ta dee aatedto~ 1) 1< 1 s™ Phy the time it
reaches the Moon. Fig. b shows that t . values even slightly in exeess of 2 ks~ T result in virtually no
mass loss. Also note that these results @t e for favorable values of 0. Henee, thiough still possible, significant
tidal disruption or distortion of ECAs is far more 1 kely to occurin the vicinity of the Eavih than the Moon.
I hese results may explain why catena-type crater chains probably do not exist on the BEarth (Bottke of al.
[997a; ¢f. Section 1.1).

Vinal ly. we note that the lunar results, even though they are somewhat affected by 1 arth’s gravity, suggest
that disruption among sialler bodies interacting with one another (i.e., asteroids or comnets)is unlikely 10
oc cur undess hoth ¢ and v-are very low.

3.2.6 Shapec: Near-spherical progenitor

To gange how the shape of the rubble-pile aflects tidal disruption, we have comple ted many runs with our
code using a wear-spherical progenitor. We arranged the particles in “close-hexagonal- packing™ formw-itha
packing efliciency of 52% .. This yielded a shape o f physical diniension 193> 1.92 > Lss kin. <1 he remnmining,
paratneterswere similar 101 the elongated case,

Fig. 9 shows the results for this rubble-pile with 2= 6 1 and o= (). Com paring these results with the
el ongated progenitor run shown in Fig. 77, we mmediately see that our spherical progemtor s much more
resistant to tidal disruption, with far 1¢ werinstances oS, BLand M celass disraptions. Indecd. except at small
q. these results are similar to those for an clongat ¢ progenitor arthe Moo n (1 g, 5)! Recall thiat spherical
progenitors hiave fower gravitational potential energies, making them intrinsically more stable against tidal
disruption than other configurations. 1 s, spherical bodies, with unifornily siall “moment armis™, are not
subje cttoas ~10(iii a degofdidal stross i elose approach as clo ngated objects with finvorable aligiment
(e, 0 hetween 00 ancl90°). Note that |, for the near-spheri cal case, the orientation angle 0 at perigee has
little mecaning since the object is nearly syvimmetric. Otherwise, we see the soune trends with respeet to g,
vo . and I as far the clongated progenitor , navnely that breakup is fovored when these values ave sl

Wee have also examined the effect of the spin axis orientation (o and 3) fo v the near-spherical case. In
all runs perforied, the results show trends which are consistent with those of the elongated case, although
changesinoutcome scem less se nsitve to varniations 14 Henee for the near -spherical case, breakup s still
favored for prograde spin (o < 90°) and resisted for retrograde spin (o > 909).

Vo chicek our results, we €O pare our OULCot nes 10 sitmulations performed by Asphaug and Benz (1996
(their Vig. 14). Like us, they used a spherical rubble-pile with a bulk density ©F 2.0 g cin™ <{. However, they
used a rubble-pile without rotation on a parabolic trajectory (¢ 00 = 0 kin s~ 1y while we uscd one with
P = 6 hprograde on hyperbolie trajectories with e >3 10 111 s~ ' Fortun iately, fron what we have learned
in the previous sections, we recognize that the prograde spin in our model is offset to a certain extent by
the faster trajectory. Asphaug and Benzfound that S-('labs disruptions ©Ceur when g <R | consistent
with our resu lts. 1 heir plot also shows Sridhar and Fremaine’s (1992) disruption imit at ¢ -- 1.8 /L5 our
results show a B class event at that distan co but N class events further away than that, <1 hus, the two codes

appear 10 give similar resofts,

3.2.7 Summary

In general, we find that low values of . v, and P are needed to cause catastrophic disruptions of rubble-pile
ECAs. Retrograde rotation, on the other hiaud, dramatically reduces the severity of disruptions for a given
set of ¢, v, and P, as does an unfavorable orientation at perigee. Henee among actaal randomly oriented
and spinning objects encountering the Earth, only hall are likely to have their long axis orientated at perigee
such that a distuption event is likely., Of the rest, roughly half with low 2 encounter the Barth with favorable
rotation; more leeway is allowed for objects with high 2. "Thus, we estimate that elongated rubble-piles with
low . t-o, and P have roughly a 2h% chance of undergoing a tidal distuption event cach time they encounter
the Earth. These odds can increase up to ~ H0% if the object has a large P, though ¢ and v must be

correspondingly lower.
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3.3 Discussion

As we have shown, tidal disruption ejects clumps and fragments of many sizes frot our progenitor, often
leaving the remmnant with an unusual shape and a new rotation period. Table T provides data for more
gquantitative analysis of the generic 172 6 b Farth encounter (Pig. 77). Shmilar tables are available for the
other runs discussed in this paper, on request to the authors. T the Table, o e and 8 have the nsual
definitions: ~C7 is the outcome class; Pooy e, and M, are as defined in Section 2,420 A, AL, and
M. o are the mass fraction of material acereting, orbiting. and escaping the remuant, respectively (Section
243 note My, 4 Moo 4 Mo, 4 Mo 2 1) and 68 is a chanp size distribution statistic, defined below. A
dagger (1) in the Notes columm indicates runs with < 25% or 0 > 65°. "Thiese runs should not be considered
representative of the maximu disruption state for that choice of parameters due to the margiial ¢ values,

3.3.1 Fjecta statisties

Vor the S class outcomes, the average A/ Mo/ Moo values are 0.008/0.075/0.629. respectively, while the
mean renmant miass fraction. M., is 0288, Approximately 10 clumps on average are ercated in cach of
these events, with cacle clutnp accounting for ~ 6.0% of the mass of the original progenitor (i.e., a fractional
mass of 0.06 cach). The statistics for all 74 S class events seen in Fig. 4 taken as a whole were sinlar: mean
cjecta fractional masses of 0.023/0.018/0.681, My, = 02170 and 108 clinnps created per event. with an
average tnass fraction of 0,062 each. Individual particles were also stripped away, but they were found 1o
comprise less than 19 of the progenitor’s mass.

T'he size distribution of the S class clmnps is difficult to determine reliably without using more particles
to inercase the resolution. A erude quantitative measure is given in Fable 1 by 6 R the ratio of the standard
deviation of the sizes of all clumps i the outecome to the size of the fargest remmant. Values of &1 near
zero Imply uniformity (values of exactly zero generally mean no clumps were stripped from the progenitor;
for these cases the entry nnder 818 is blank). Our results show that S class events cover a wide range of &R
values but generally have 618 < 0.5, Vor example. the first run listed in the Table produced I8 similarly-
sized clumps, vielding a 8¢ value of .18, T'wo other fess energetie disraptions (with Targer ¢ hut same
rc) generated fewer, less uniformn chunps, yvielding 8 values of 047 (cf. Tig. 6, though the differences are
diflicult to discern by eye).

The B class outcomes in Table T yield sitnilar mean A7, and Mo, ratios to those of S class outeomes, but
far saller tnean M, values: 0.052/0.064/0.081. with Moo = 0799, Here, only 2.5 clumps on average are
created per event, each with an average mass fraction of 0.072. Thus, fewer clutnps are shed, but the clumps
themselves are roughly the sate size as those formed i S class events, For the 43 B elass events found in Fig,.
4 taken as a whole, the results are again shinilar: ejecta mass fractions 0.039/0.061/0.126. Mo = 077183
clinps of fractional mass 0.064 cach created per event. T'he remaining ejecta is predominantly individual
particles; roughly four are shed during cach event. They still constitute only a small mass fraction. "Ihe
average o2 value for the B oclass events shown in Table Tis 059, larger than for any S class event. This
imercase indicates that B oclass ejectais less untform than the S class clunips secu previously.

Marginal S class/B class disruptions often produce two or three hig components which are close to one
another. An exatmple of this would be the two B celass outcomnes in the table with low &R values: Vig. 6
indicates they are practically fission events. Cowparable fission events are observed when the spin axis or
long axis orientation angles differ fromn their nonnnal values (= 0% 0 ~ 45%) in what would otheywise be
a typical 8§ class disruption. Though we have not yet completed enough runs to do a quantitative study,
we liypothesize that some of the contact-himary shapes scen among the Barth-crossing asteroids (e.g., 4764
Castalia, 2063 Bacchus) may have been produced by these fission-type events (Section <1 1).

Mild M class disruptions. by definition, eject little maternal. For this reason, the resalts for these cases
must be iterpreted with caution, sinee the resolution of our rubble-pile was probably too coarse to deteet
marginal mass loss or clump formation, The ejecta mass fractions for the M class disruptions in Table | are
(.000/0.011/0.018, with Mo = 0,968, A single clump containing 3 or 4 particles was created 63% of the
thne (5 cases out of 8). Results for all 56 M class events in Fig. 4 followed a similar trend: 0.006/0.011/0.017,
Mo = 0,963, 1.05 clumps ejected 43% of the time, with mass fractions of 0.013. Fjected single particles (or
groups of two particles) were found to he refatively wore itnportant in these mild disruption cases. M class
events shed, ou average, 4 un-clumped particles per event, though this range can vary widely. In one case
reported in Table 1, the progenitor expelled 10 particles, while in a second case, only a single particle was lost.
For these cases, 812 is not a particularly wicaningful statistic, hut the average value for the clump-shedding,
M class outcomes shown in Table T chunps is 0,93,

I summary, we find two broad types of ejecta size distributions: (1) an SL9-1vpe distribution of several
sitntlar-sized fragiments and scattered smaller fragments; and (2) mass shedding events producing small
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clumps and fragments

3.3.2 Orbital parameters of 1)01111(1 ¢jccta

Although the bulk of all shed material ultimately escapes the remuant rabble-pile, a nonethelesssignilicant
amount remams in or bit around the prog emitor (22% of all the e deri al averagec 1 over all disruptive out-
comes). Thius it s likely that tidal disruption s capable of creating binary asteroids (Botthe s an d Nelosh
1996a, b ef Section .1.1).

Atleast 23 of the 27 S, B, and Mcliws e ve ntsin Table 1 pla e elumps or single particles into bound orbits,
‘1 hisvadue might he evenhigher. since we only cousider hbound orbits around the retnnant rabble-pile: S ¢fass
events ay create tnul tiple binary sy stemns, On average, each disruption places two fragime nts (ehmnps or
single particles) into orbit.

‘1 hemedian seiimajor axis among all 47 orbiting, fragiments found in the Table 1 runs ix 6.2 ki The
mean is uachigher (56 ko, with standard deviation o = 249 ki) since four fragnientswere thrown 0111 1o
a = 138 1680 ki The median eccentricity for the 47 bodies is 077, with the mean slightly smaller (0.73, @
= 0.20). The riedian periapse (2.0 ki) is small enough that a numiber of these orbits are probably unstahble.

Finally, the median inclination of these bodies is 7.2°, withthe average shghtly higher (12,3 ¢, o -
1%.3%). 1 hese Jow values are not surprising, given that most particles are stripped ofl 1 the rubble-pile’s
cquatorial??? plane as tidal torques produce an excess of rotational angua lar momentum. Future sean ches for
binaries among BCAs should probably be divected tov vard the equat aral 72?7 plane of the hody.

3.3.3 Spin and shape changes

The P, and 2, columms of Table 1 show the effect of tidal disruption on progenitor spine and shape. In
cach case the remmant s stable against rotational disruption, as defined by . (1) (where we have taken
a/b= 1/(1~ £,,,) by invoking the approximation b = & (as - ay). e bis taken to be the mean winor axis
and a = ay, and we have assumed the bulk density of the remmant remains largely unchanged). For example,
a body with a density of 2 g con™* and £2 = 3.5,4.0, 1.5, 5.0, 5.5, and 6.0 h sheds mass when 2, = 0.506.
0.66, 0.73. 078, 0.82. and 0.85. Thus none of the retmants in Table T are i danger of {lving apart from
rotation alone. Note that our clongated progenitor rubble-pile. with s, = 0413005 also stable for the spin
periods tested. Qur nearly spherical rubble-pile, with =, = 0,02, s rotationally stable for all 22 2.3 1.

We find that most S and some B class ovents arce so destructive that the spin and cllipticity of the
yemmant are only mildly correlated with the progenitor values. For S class events, gravitational instabilitios
cause particles to agglomerate after the disruption, leaving hehind near-spherical chinmps whose final spins
are determined by conservation of angular tomentum. For B class events, large clumps stripped away fron
the rubble-pile may also feave behind more spherical remmants.

Many B and M class events, however, can cause substantial z, ., mereases since tidal forces are only
strong cunough to clongate the progenitor and strip small amounts of mass from the cnds. The most extreme
example in the Table (also see Fig, 6) has 2., = 0.6 for the Moclass g = 14 22, v = I8 kins™ D encounter.
Ficcentricities as high as 0.69 have bheen noted in other runs as well. The spin rate only inereases by a small
ammount, though, as tidal torquing and conservation of angular momentum compete.

Finally, as the outecomes bhecome even less destructive (weak M and non-disruptive N class). the values of
Srem only marginatly incerease. Spin rates, on the other hand, can still increase considerably, even for large ¢
encounters. For exatnple, the N class event for g = 3.8 B e = 12 kinns™ ! shows a decrease in P fron 6 to
4.0 i I succeeding eucounters were prograde, therefore, the object would be thaeh more likely to disrupt.

Another observation (not shown in the Table) is that retrograde encounters generally veduce the rubble-
pile’s ellipticity, sometitmes to necar zero (values as low as 0.07 were noted for some 12 = - 12 h cases). In
these cases the rotational inertia opposes the tidal stretehing of the body, causing the rubble-pile to collapse
(cf Seetion 3.2.4). The final rotation period P, depends on the size of the torque relative to the magnitude

of rotational inertia in the system. For example, a 2= - 12 I test body that experienced strong torque (¢ =
LA K and e = 12 kins™ D) had its spin reversed (£, = 4 1023 1) and had its elongation strongly reduced
(Sremn = O.11). On the other hand, a test body subjected to weak torque (= <12 hog = 2220 Cand v
= 12 ko s™ 1) experienced far less change in spin and ellipticity (P, = - 105 I 20 = 0.35)0 Inthis case

the slight increase in retrograde spin correlates well with the mild contraction of thie body, indicating that
rotational inertia and conservation of angular tnomentum dominated over the tidal torque.

Shape and spin changes are similarly dependent on the orientation of the phase angle 6. with augles
hetween 02 and 90° providing maximum torgue (Section 3.2.4). T'his result holds even for retrograde cu-
counters: one run with g = 1A R v = Gkins ' Pz - 6h,and 0 = 589 had 22 inerease to - 5.0 o while
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a sceond run with the sane orbital parameters and 0 = B¢ had P increase from = 6 to o 6.9 1. In both

cases, the rubble-pile ended up being nearly spherical,

3.3.4 Long term cevolution

The evolution of the rubble-pile and any shed fragments is not necessarily completed by the end of the
simulation. Recall that Al ., alone defines the outeome class (Scetion 3.1): we do not add the mass fraction
M. to M even though it could potentially change the outcome class. This is unlikely for most of
the runs in Fig, A4, however, since most ejecta are onescape trajectories. Nevertheless. as a cheek we
integrated a fow representative cases over ten tines the initial time interval. To control the secular increase
in angular momentunm, we reduced onr {ime-step eriterion significantly, which in turn drastically increased
~elass changes, but some minor changes to the

the contputation time. Our results indicate no outeor
remmant rubble-pile propertios do oceur as material 1 reagglomerated. Further work needs to e done to

study the long term evolution of these models.
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4CONCLUSIONS

4.1 Applications

Starting froq the premise that Barth-crc ssing asterotds are intrinsically weak rubble-piles, our sitmulations
provide cxplanations for some unnsual phononiena i the terrestrial planet region. 1 he iiplication of this
work is that planctary tidal for ces pliw a i eh Yarger role in the evolution o £ e ar-Earth asteroids than

previously  thought

4.1.1  Tidal disruption rates near the Earth

To gauge the effectiveness and importance o f tidal disruptioninthe terrestrial plomet region, we can estimate
the frequency of S, B.and Melass events ncar the Earth. We already have amap of tidal disruption outcomes
as a function of 2. q. v~ a. 3, and € (Section 3). W e also require estimates of the following quantitics:
(a) Chicounter probability of ECAs with Foarth: (b) probability distribution of ECA encounter velocitios with
the Barth; (¢) probability distribution of rotation periods @ nong ECAs and (1) size-frequency distribution
of (rubble-pile) asteroids in the ECA population. These components and till wethod for incorporating
thern into the caleulation are described in Bottke ef al. ( 1997a). *1 his ecarlier work however did notimelude

the £ = - 12 1 and P = xruns, which we incorporate hereo Givens that retrograde rubble-piles hecome
sucee cliing v 1nore diflicult 10 dis pupt as theirspimratemereases, an d that no mass loss is scen for 17 = 6
I, we assiie that tidal disruption terminates at 12~ 9 110 CHECK T HIS7?7?

0111 rosultsindicate that the hifetime of rubble-pile ECAsagainst s class eventsis 380 Myr, the lifetime
ag aln gt s o1 B elass events is 220 Myr, and the lifetime agirinst S, B, or M class events is 86 Myr. Applying
this lifetime to the estimated number of kin-sized ECAs (21002 Morrison 1992), we find thiat s class events
OC el 17 nCar the Barth once every 183,000 yr, s and B events onee every 101000 yr and s, B, and Mevents
once every 1,000 yr.Note that these rates would inerease i £ we included Venus crossings, sinee our sister
planct is nearly as effective as the Barth at tidal disraption.

Bottke ¢ 7 al. (199877 7) used these results SHOULD WE UPDATE??? 1o estimate the totad mass shed
by ECAs over thne. They found thatrouglily 6 > 107 kg per vear are lost | equivalent to the annual injection
rate of b0 m fla~11fills mtothe d:Torpsresonatices (Menichiella of al 1996). CONSISTENCY PROBLENM:
50 m RESOLUTION??Y

4.1.2 Crater chain formation on the  Ear th and Moon

As described in Seetion |, sote catena-ty pe crater chains are thought to he formed via S ¢liwss disiuption of
rubble-pile asteroids or comets. In this scenario, the fragment train hits a toon of the planct soon after the
disruption event, hefore the train has stretehied so firr that it can no longer produce  arccognizablecrateer”
chain on hnpact. Chains formed by this mcehanista Cilll be diseriminated from those prod uced by secon dary
cjecta, since the lattepr cary e ide ntified by their vadial oricntation to the source evater their association
with other secondary features, and their distinetive morphology (c.g., “herringhone”™ patterns). Note that
studies have shown that rabble-pile clumps, despite heing intrinsically weak objectscciinnonetheless prodiee
well-defined craters on impact (€2 g, Sehultz and Gault T985; Melosh 1989; Love ¢f al. 19495).

Nearly twenty erater chains have been identified on Ganymede and Callisto, ranging between 60 626 ki
in length and  featuring 6 25 closely stuplarssiz ed eraters (Schenk £ al, 1996). One 017 twoatialogous
crater chains have heen identified on Barth's Moon (Melosh and W hitaker 199 1; W climan and Wood 1995,
Schenk (7 (/1. 1996). 1 hey include the Da vywhiclus A7 i 1Eong andcontams 23 criders, each 1 3k
in diameter, and the Abulfeda chain, which is 2 3.8 Gy v old, 200 260 ki long and has 24 cri iters, each 513
i diameter There have evenbeen 171) »orts of one artwo crater chains onthe Barth.One 51101 proposed
chiains a 700 ki e of cight civeular depressions crossing Kansas, Missouri, and Hinois (Ranpi no and Volk
1996). Bach depression is 317 1i 1 wide. A sccond potential chain s located in Chad, w here two possible
impact features discovered by radar lie near the 17 ki diameter, 360 Myr old Aorounga imnpact strueture
(OcCampo and Pope 1996). Both of these elaims are contron et sjal and need to be verified by field work.

Using an earlier sct of the runs presented here, Bottke ef al. ( 1997a) examined whet her ki-sized O As
undergoing S class events near the Barth or Moon could ake Tunar © v terrestrial craterchains. <1 hey found
thatenongh objectshave undorgone | S class even ts near the Barth over the last 3. 8 Gyr to account for -1
crater chain on the Moon, consistent with observations.  Given that the Noou is a s mall target far from
Barth, this mately sugpests that tidal disraption near Earth Bhay he connion

The numb o of chains expected to be formed 011 the Barth over the satne tine, however, was found to e
less than ().1 Moreover, the nuber expoeted 011 Bartl over the last 360 Myr was only 0.001. inconsistent
with the proposed terres rial erat or chains. Some uncertainty in the cal culation can be eliminated by taking
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the ratio of the production rate of crater chains on the Moon to that on Earth (see Appendix B for a
semi-analytic derivation of this ratio). Bottke of al. (19974) found that the Tunar production rate is ~ 10
times the terrestrial rate. Thuas, if there are one or two crater chiains on the Barth less than 360 Myr old,
roughly 10 20 young, fresh crater chains should be found on the Moon's near side. No such chains have
heen observed. Bottke of al. (1997a) concluded that the reported terrestrial crater chiains af real, were not

produced by lunar tidal forces.

4.1.3 Formation of binary asteroids and doublet erat ers

At Jeast 3 of the 28 largest known hmpact craters on Barth and a similar fraction of all impact structures
on Veuus are doublets, formed by the nearly simultancous impact of objects of comparable size (Bottke and
Melosh 1996a.b). Mars also has donblet craters, though the fraction found there is smaller (2 3%) (Mclosh
ol al. 1996). These craters are tao large and too far separated to fave been formed by tidal disruption
just hefore impact or from asteroid fraginents dispersed by acrodyuanie forces during entry. Based on this,
Melosh and Stansherry (1991) concluded they hiad to have been formed from a population of binary asteroids.

As mentioned in Section 1. Bottke and Melosh (1996a.b) found that the components of contact binaries
can be pulled apart but retnain gravitationally hound to one another, evolving into a stable binary system,
They hypothesized that more complicated systems with several satellites (e, from tidally disrupted rubble-
piles) would evolve like a multiple star system, with the most stable endstate being a binary svsten. Such a
binary systetn could re-encounter and hit a planet during a later pass, creating two distinet craters (note that
this explains why triplet or even quadruplet craters are not seen, sinee the corresponding orbital systems
are intrinsically unstable). Their numerical results suggest that ~ 5% of all Earth-crossing asteroids (and
< HY% of solely Mars-crossers) evolve into co-orbiting binary asteroids with well-separated cotnporeits,
Folding these results into another model treating impact encounters hetween binary asteroids and o given
planet, they found they could duplicate the observed Traction of doublet craters found on Earth. Venus, and
NMars.

Qur results, using a more sophisticated code and rubble-pile progenitor, verify these ideas. Our runs
indicate that at least 76% of all our S, B, and M class events produce fragments which were at least initially
gravitationally bound to the retnnant progenitor. As hefore, this value could be much hgher, since, for S
class events, we only consider hound orbits around the largest aggregate. In general, the hound fragiments
were stall clumps or individual particles. Some S class events, however, show clumps of nearly equal size
tmoving in orbit around one another. "These types of events may be responsible for doublet craters with nearly
cqual size components (e, Fast and West Clearwater Lake in Canada). The dynamical Bifetime of ECAs
against planctary collision, catastrophic collision with another asteroid. or ejection by Jupiter perturbations
is thought to be on the order of 10 Myy (Milam of al. 1989; Nichel of ol 1996 CGladman of al. 1997).
Shiee our previous calculation showed that a rubble-pile’s Lifetiine against So B, and M oevents is 86 My, we
predict that ~ 10% of the ECA population are binary asteroids, almost exactly the value found hy Bottke
and Melosh (1996a.h).

4.1.4 ECAs with satellit es: Anexamination of 3671 Dionysus

Pravee of al. (1996) and Mottola and Hali (1997) claim to have discovered satellites orbiting Farth-crossing
asterotds 19940 AW, and 3671 Dionysus, respectively. These claims are based on periodic dips i each aster-
oid’s lighteurve, interpreted as stenmning from eclipses due to orbiting companions. In the case of Dionysus,
however, Tuture eclipse events were hoth predicted and then confirmed Dy other observers, nitigating the
possibitity they were produced by anomalous features i the lighteurve.

Since both objects have parameters which make them Iikely candidates for tidal disruption, we heheve
this mechamsm created the alleged satellites. For example, 3671 Dionysus is slightly clongated (1.3 >0 1.0
kin; S Hahn, personal conmmuunication) and has orbital parameters of @ = 219 AU, ¢ = 051, 7 = 13.6°%
Using the method of Bottke ¢/ ol (1994:a.h) we calenlated s trinsic colhision probalility P with Earth
(40.5 % 107 kin™7 vr= 1) and its average e (1091 ki s7 ') Neither value is exeeptional: the collisional
lifetime of Dionysus with Farth (295 Myr) is nearly twice as long as the mean of the ECA population, winle
s eas s only slightly below the mean (Bottke el al. 1991h). The spin rate of Dionysus. however, is so fast
(£ = 2.7 h) that the objeet is close to the rotational hreak-up it given by Ee. (1), We have not performed
any runs with 2 = 2.7 h, but as an approxitnation we can apply our £ = 4 b results to the problenn.
Assuming from PFig. 4 that tidal disruption occurs if Dionysus passes within ~ 5 Ry of Farth at v = 9 ki
71 and that its nearly spherical shape means we can negleet the eflect of 00 we estimate that its lifetime
against tidal disruption is between 2040 Myr, almost 7.0 15 times sinaller than its collision Iifetime. Given
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the range of possible outeomes scen in our results,
i(s fast rotation rate. and its nearly spherical shape may be a by-product of tidal disruption.

lere is a distinet possibility that this objecet’s satellite.

paratneters
(1) low encounter velocities with Farth or Venus: (2) high 7 values: (3) fast rotation ratest and (1) clongated
shapes. Note that (1) and (2) are produced when BCAs have low ¢ values and/or when they have perigees

(¢) or apogees () near T AU

We recommend that obscervers scarching for binaries among the ECAs look for the lollowing,

An cxamination of 1620 Geographos and double-lobed

4.1.5 FECAs with irregular shape

bodies

RADAR PIC OF GEOGRAPHOS?

Over the past several years, Steve Ostro and his assoc jates have used delay-Doppler radar techuiques to
determine the shapes of Z.i._.:_ FCAs (Ostro 1993) A _:_.a, fraction of this set have unusual shapes whicl
we helieve are consistent with reshaping by planctary tides

For example, 1620 Geographos (a = 1.25 AU ¢ = :.u“:.., ;= 13.3%) is one of the most elongated objects
known in the solar systetn (5.1 x L&) ki Ostro o f al. 1995a). Solemn and Hhlls (1996) woere the first to suggest
that Geographos could have been reshaped by tides. We have followed up on their work by inereasing the
resolution. including the effects of rotation, and by examining a larger set of circounter parameters. Assui

__:. minor axes have roughly the sanie dimension, we estimate that Geographos has an 7____::.:.,. of ¢
= 0.61. We note ;.::_.:_v__:/_ radar silhouctte indicates that one end is tapered nuch like ajalapeno.
__: e are also cusps on the ends which are swept back against the rotation direction, givii

appearance of a “pinwheel™ when viewed from various aspect angles (Ostro ol al. 1996). Finally. the rotation

the body the

period of Geographos is short (5.22 I), such that the ends are not far from rotational break-up.
These features are diagnostic of a hody that has undergone B or M class disruption, particularly
WS> 0,60 (also sce Fig 27). Incach casel the eud closest to Larth at

'

Iable | for which
loses the most mass, leaving it distinetly stretehed and tapered compared to the opposite cud.

those listed in
perlg
observed cusps are renmants of Keplerian shear among the cjected fragnients. We found that 27 of the 117
4 and Vig. 8 (~ 23%) have ¢, > 0600 suggesting these shapes

B and M class outcomes displayved in Fi
are commmon. The median votation period for these 27 events was 522 4, exactly the same as Geographos.
Thus, we find it likely that Geographos is a tidally distorted object (Bottke e al. 19970L777).

Three of the ECAs imaged so far by delay-Doppler radar techuqgues, 1769 Castalia, 2063 Bacchos, and
1179 Toutatis, have double-lobed shapes. 1t is possible that some of these objects miay he contact binaries.

I w0, they may have heen influenced or even created by planetary tidal forces
4769 Castalia has dimensions of 0.7 3 1.0 L6 ki, giving it an ellipticity of ¢, = 047 (Hudson and
Ostro 1995a). Its fast votation rate (7= ") and favorable orbital parasicters (o = 106 AU ¢ = 048

= %09 allowing it to cross both the ot s of Barthe and of Venus with veo ~ 16 kin »” B, make it a good

candidate for tidal disrupuon.
2063 Bacchus, an BCA on a Castalia-like orbit (¢ = LOS AU, ¢ = 0357 = 9.49) can encounter Barth
s el longer (nearly 19 e

and Venus at oven lower v (~ 10 11 kg7 1 s rotation period, howey
Bemner o al. :EJ.

1179 Toutatis A: = 9h2 AU ¢ = 0.635, i = 0.4729) is an BCA with ditnensions of 1.92 50210 > 1.60
Kin (€ = 0.53). Tt also has a tumbling rotation state which gives it a period of 130 I (TTudson and Ostro
1995D). s very _:: inclination, however, makes it five thies more likely to encounter the Barth at v.. ~ 12
ki s ! than a typical ECA.

Our results indicate that contact hinaries may he produced by weak S or strong B cla

< cvents. where

large similar-sized cotponents typically near the center of the fragment train often crash into one another
at such gentle speeds and with saflicient rotation that the new aggregate retains a double-lobed shape. For

)

example, the 2= 6 hyg= 18R vl = GkmsT U outeome shown itn Fig, 6 produces such a contact binary

(sce Pig. ?2a for a close-up view). The run with £2= 10 hog = 1.6 10 and v = X kims™! does as well

(Fig. 72h). NEED SOME STATS HERE???

4.1.6  Size and orbital distribution of ECAs: Evidence for tidal disruption?

Tidal disruption, occurring at low ve., may produce cnough siall bodies to enlianee the local popuiation. A
qualitative check by Bottke of al. (1998777) of the size and orbital distribution of the known ECA population
shows few large bodies bhut many small bodies with low ¢ 7. These features may he consistent with tidal
disruption, though we camot say how nch the known ECA population suffers frot obscrvational selection

offects (see Jedicke 1996 for wore information). These results may also explain the population ol small
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Farth-crossing ohjeets suggested by Spacewatch (Rabinowitz ef al. 1993; Rabinowitz 1991; Bottke of ol
1998777), a possibility also suggested by Asphiaug and Beny (1996) and Solen and Hills (199G).

4 .2 Future Work

In this paper, we have explored many of the parameters important for tidal disraption: trajectory (q,
v- ). rotation (), spin axis orientation (a, ,3), shape, long axis phase angle (0), and density. Practical
considerations prevented systematic exploration of these variables over all possible ranges that lead to tidal
disruption, but we feel we have obtained a good parameterization of the hasie enconnter outeormes. Higher
resolution sampling in the g-v. -7 space is desivable, but unlikely to vield much in the way of new results,
A more thorough mvestigation of progeuitor shape effects s probably of greater importance, along with a
better understanding of the role of a, 3, and 0. As computer power and availability improve. we plan to
explore these issues in greater detail.

We also intend to explore the internal structure of the rubble-pile itsell. Although more sophisticated
than previous studies, our model is nonctheless crude. One refinement would he to inerease the resolntion by
inchiding more particles, but this would require considerably more computation time. A few representative
cases may allow us 10 estitnate the portance of ngher resolution (we have done this to a certaimn extent
till (ii(1)”. and found thathigher resolution sinoothis out the b ound ary hetween Mand N elass disruption). A
second refinetnent would e to exatnine rubble-piles with a non-uniform particle size - distribution. Clunp
forination may be cn hasced by the use of a size distribution sinee the lowger particles hecome natuy al seeds
for agglor neration of the smaller ones (Richardson e/ al. 199%). Smaller particles filling the gaps hetween
[ vrger particles could also provide higher hulk densities in the sime volume. Tt would also be interesting,
to consider the effeets of using more realistic non-spherical constituent particles. Interlocking be tween suet
particles could lead to even larger potential energy barriers allowing the formation of irregular shaped rubbie-
pites. However this is much harder to nuplemient num ¢ rically than shmple spheres. More readily testable
is the inclusion of sitr fir(,( frictionhe tween the spheres, although preliminary investigation of this ¢ flect
sho ws that iCimanifests nsell onfy as asightly me reased dampiug without changing the outecome very nels
(Richardson ol al. 1995),

Finallv, with the data already in hand, itmay be possible to develop an analytical theory to predict tidal
disruption outcomes on the hasis of the parayneters explored here. Some steps toward this end hiwe heen
taken alrcacly (of. Section 3), but noch remains to he done,

Itis our belief that tidal disruption and studies of rubble-piles i generat will continue to he a fruitful
line of rCsearchin the field of planetary science. Ultimately such researelimay contribute to a unified model
of smallbodiesinthe solarsystenthat cor111 y111¢> both orbital and physi cal evolution.
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A Derivation of Encounter Timne

Por a hyperbolie trajectory, the time sinee close approach is given by Goldstein (1980):

a’ 4
- cosh 17- 1) (11, 12
GAL .,/, (e cosh ) (12)

where a s the semi-imajor axis of the orbit, ¢ is the orbital eccentricity (¢ > 1), and I" is the hyperbolie
analogue of the eccentric anomaly defined by:

roa(e cosh - 1), (13)

where s the distan ce from the centrad pnass, inour case the Barth. <1 he orbital paranmeters can be obtained
frotn (Goldstein 19 80):

I i 2 "
a  GAL r (11
where vis the orbital speed with respect to the Earth, and
g oale - ). (1)
Fog. (14) can be written in terms of v by setting v - -
| v’
- 16
a G, (16)

Henee if the initial distan ce (1D Ry, ) is o, and the final distance (60 R ) is rpthenthetotalencounter
tine is given by:

1= \/ o [e(sinde 25 -b sinh 87 - (14 1)), (17)

(/AT
where
, S 1 L
[ = cosh (14 -y, (18)
( a
, ! '
Iy cosh ] (19)
) f o
and Y
az 2 e Ty (20
vy a

For example. the S class run shown i Pig. 2a had a total encounter thme of 3001 I of which 1.3 h was
spent within the Roche Tt (3.4 12). By contrast, the N class ran in Fig. 2d had an encounter time of
211 I and spent only 34 min at the edge of the tidal It

B Crater Chains on the Earth and Moon: Semi-analytical Deriva-
tion

The mumber of ECAs [arger than a given diameter D that pass a distance r frow the ceuter of Barth withont
striking the Farth is given by:

. I Y vl (R
Py = PiNp {l" [1 1 - ( )] - R [l 4 - *’.,( . )} } : (21)
v : [
20/ 7]
Cosron (1) = \/ . (22)

is the escape speed from the Barth a distauce v from its center, By and Mo are the radins and mass of

where

the Barthi, respectively, v, is the speed of the asteroid hefore the gravitational aceeleration of the Earth is
wcluded, 1% s the intrinsic collision probability of ECAs with the Earth (Bottke of of 1991ah), and A’
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is the cumulative mimber of BCAs [ gor D, 1 he namber of bodies that pass through this @ g,
strike the Moon is:

7 " o m (1)
( »1m61’ [ A I

1

I'!\qun frapaer = Iyl‘,:nih (2:{)

where
20\ g
L) \/ § (21)
is the escape speed from the Moon a distance i from its center, fiyg and My ave the radius and nass of the
Moon, respectively, and d ix the Moon's distance from the Barth,
To estitate the {lux of crater chains formed on the Moon over time, we define the parameter rg ., o the

miniman Farth approach distance neceded Tor an asteroid 1o undergo an S class event:
R L (25)

wheve fo.pis a dimensionless factor that depends on quantities such as the progenitor's encounter speed, its
spin period. its bulk density, ete. Note that rg . can currently only be found numericatly. but that the final

result is commparable to the Earth’s Roche radius. The escape speed at v is then given by

Ve (148,»- 72(’:\/1 /. (I,/"'w (1) )‘
s

allowing us to rewrite Eq. (21) as:
P = PINp BTG - D (s - D270 (27)

We now perform the analogous steps for objects disrupted by the Moon. The nmber of ECAS Targe
than a given diatneter 1) that pass Wit hin a distance » fronthe Moo nowithout striking it is given b y:

el . contian ]

];.‘;l‘ 1. 1%
R 0 (2

I'ntoon= POND iy 4 A, .
{ [ v el ol (d)
where we have accounted for the aceeleration of the objects due to the Barth. The namber of hodies
wndergoing S class events (a distance rgar from the Moon) is therefore:
*)
o)

Paioon = PINp RS U a - DA (s - 1),

e eE ) (29)

where fsay is the equivalent of fs.; for the Moon. Finally. the number of hodies that disrapt near the Moon
and go on to ot the Barth is given hy:

, '/TIl)._‘ ) .;‘:,\, ﬂlj
Il‘}:nlll fonpaet = IANN ( /L’> oo . ('{(')

Taking the ratio of the flux of crater chains forued on the Noow (Fapoon fupact ) 10 that of the Barth

(Pt tnpae ) we find that many parameters drop out of the equation, leaving

[ R G IR [ :f;;‘\l""”;f,.}

]"\Iu’n hnpac
- Alool pact R ~ .
L (1)

e o . v? R )
Py, Tinpact [(/%I\I SO S - D) <7\_'Ir\j »I'\:(”)} [l gL ',”‘_. ]

The remaining variables, foar fs. . and v can be estimated from Fig. 27 and Fig. 5. For rubble-piles with
rotation periods of 6 b, fan ~ 11 for e = 3 kins” Vowhile fooo = 220 LA, LA for e = 306,09 kins™ I
respectively. Other values are assuined to be negligible for this appoxitation. Substituting and taking the
ratio, we find that about nine crater chains are made on the Moon for every one that is made on the Barth.
Using more exact measurcinents, Bottke of el (1997a) found this ratio was ~ 10, a very good match. Sinee
only one or two crater chains have been formed on the Moon over the last 3.8 Gyr. it scems unlikely that
auy crater chains have been formed on the Earth within the last fes hundred million years.,
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the Barth.

Table 1 Results for the P -

ih elongated progemtor enconnteri

q U, f) (! oR Mo M. Mo Notes
1003 41 S 0w 0.105 0.00%
1.0 6 50 S 031
10 9 41 S 0.2 0.
1.0 12 61 S 040 0.081 0.
L0 1Hh 26 S 028 0.001 0.
O I8 50 S 0] 0.
1.0 21 51 B 051 0108 0.008
10 21 A1 B 056 0051 0.019
1A 3 61 S 047 460 0.5 0.008
14 6 37 S 03> AT 018 0.042
14 9 35 S 03> 5T 022 0.077
T4 12 69 B 080 ho 0.1 0.024
14 15 37 B 073 50 0.61 0883 0.100  0.008
14 18 51 M 106 53 0.6h 0968 0.021
14 21 51 N 1hH 062 0.98%
1.4 24 11 M 4.8 0.0 0.996
TR 360 S 047 A4S 0.2 0437 0.263
|.& 8 5 B 0.80 5.0 0.5 0.725H 0.032
& 9 31 B 03t ol 3 0.275
I8 12 59 M 09 055 0.032
1.8 I 21 N 1.4 i
]88 18 51 N 1.3
18 21 53 N 1.3
I8 24 40 N 1.6
220302 S 037 43 0.001  0.502
226G 26 B 0.6H 44 0117 0.012
22 9 32 M 037 AR 0.016 0.015
22 12 62 N 3.9
22 15 35 N 1.1
22 18 52 N 1.1
22 21 BT N 1.2
22 24 41 N 1.5

!
|
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Table 1, conti

Mo Moo Moo Not =

26 3 37T B 45 021 0.798 0.202
266 41 M 13051 0.950 0.021  0.020
269 31 M 4.0 051 0.996 0.001

26 12 63 N 1.0 042 f

26 15 N 12043 |

26 I8 53 N 14 0.1 I

26 21 h6 N 16 042 I

26 21 42 N 1.7 043 |

3.0 03 4h M 02 1.0 051 0.961 0.012  0.021

30 6 21 N R 13 |

30 9 31 N 3.9 3 I I
3.0 12 66 N 43 042 I i
30 15 31 N 45 043 1

30 18 53 N 16013 I

3.0 20 57 N 19 042 |

3.0 21 40 N 19 043 I

34 3 68 N 3.8 | i
346G 40 N 3.8 I

34 9 23 N 1.3 | j
3 12 50 N 4.1 |

3.4 15 5H1 N 1.6 |

34 18 H3 N 1.8 |

34 21 57 N 4.9 I

34 21 42 N 5.0 I

3R 3 660N I i
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Figure Caption

Figure 1: Diagram illustrating the two spin axis orientation angles a and . and the periapse body orien-
tation augle ¢ (note how @ is measured in the orbital plane). The example shown has an unfavorable

orientation for breakup, i.e., 0 > 90°.

Figure 2: 7 OUT OF DATE, may be replaced by evolution plots*** Snapshots of four classes of tidal
disruption. I decreasing order of severity: (a) § class “Shocinaker-Levy-9-type™ catastrophic disrup-

tion: where the progenitor forms into a line of roughly equal size chunps (i.e., a “string of pearls™)

and leaves less than H50% of its mass in the largest fragment: (b) B class breakup with niass s cdding
of clumps and single particles, leaving the progenitor with 50% 90% of its original mass: (¢) M class
mild mass shedding of clunmps or particles, leaving the progenitor with over 90% of its ortginal tass;

and (d) N cla

spin-down.

with no mass loss but possible reshaping of the progenitor accompanicd by spin-up or

Figure 3: Train lengths as a function of normalized time for the 118 elass oufconnes of the P = Gl case

o

from Fig. 4. Time £ = 1 corresponds (o the end of cach simmulation while £ = 0 is ¢lose (o the ti

ol perigee passage. The train length at 1 = 0 is equal to the original progenitor size, about 2 ki,

e that due to differences in the encounter speed v the termination distances for {hese FUns were

reached at different times, which is why the abseissa has heen normalized for casy comparison. ‘I'he

i all case the train lengths grow

case shown in Fig. 2ais indicated with a dashed line here, Note {hat
ahnost linearly. consistent with a hyperbolic flvhy.

Figure 4: Tidal distuption outcotnes for clongated rubble-pile progenitors with a variety of rotation periods
ICT Comparison

encountering the Barth for various values of g and e, The plots have been sealed for es
of the range of parameter space explored for cach P value, The 7 = ~ case corresponds to zero spin.

‘igure 5: Outconie plot for 2 = 6 I encounters with the Moon. Compare with 7= 6 hoin Fig. 1

Disruption of ECAs is mueh more difficult in the vicinity of the Moon.

Figure 6: A graphic illustration of the final configurations of caclh of the P = 6 L Earth encounters.
Compare with Fig. 1. Each image has been scaled 1o fit exactly inside its hox. so the N class outconmos
are zootned views of the progenitor whercas S elass outeomes are scen from distances as much as H00

ki away.

Figure 7: This set of plots show the effect of varying o and 3 for two sets of I = 6 hoand v = 6 ki
! Barth encounters, one with q= 1A KR, the other ¢ = 2.2 1. For each case, the uppertmost plot
shows the effect of varying o while restricting the rotation axis to the az-plane (4= 0°/180°) while

the other plot corresponds 1o 4= 490° (the y:-plane). Por the g = LA I case, the zero-tilt outeonme

s S class, the rotation angle approaches 90°, the mass loss drops steeply until for o > 90°¢ the

outcome becomes N oclass, Note that this transition is not quite as steep for 3 = 490° bhecanse the

Altlon can

long axis of the asteroid continues to sweep towards and away from the planet so the elong

stll assist the breakup.

Figure 8: Outcome plot for a retrograde 172 12 I case. Compare with §? = 12 and 2= ~ in e, .
.T _ & tal
Retrograde rotation causes resistance (o tidal breaknp so the range of ¢ and v for which mass los
& & ! N

oceurs is reduced. Tt is still possible to get S elass outconmes however, for simall enon gh g and ¢ .
the retrograde spin inercases, though, the mass loss region shvinks even further.

Figure 9: uccome plot for a near-spherical 17 = 6 1 (prograde) er counter with the Larth. Compare witl
P = 61 Fig. 4. Note how the lack of a
on

gnificant tnomaut arm drastically reduces the ¢ ruptior

e
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Figure 7
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